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In this work we studied a simple model of a copolymer (polypetide)
chain in a con ned space. The model chain was restricted to a exible
[310] lattice. It was represented as a sequence of united atts located at
the positions of alpha carbons. The force eld introduced irto the model
consisted of the long-range contact potential between amio acid residues
and a local helical potential. The chain was built of hydrophilic and hy-
drophobic segments. The properties of such chains were detained by
means of the Monte Carlo simulations using a Metropolis-like algorithm.
During the simulations we observed and tracked the transloation of the
chain during its passage through a hole in an impenetrable wia The in-
uence of the length of the chain and the structure of the polymer Im on
the translocation process were investigated. The dynamic mperties of the
system such as the translocation time were also studied andiscussed.

PACS numbers: 87.15.Aa, 61.25.Hq, 36.20.Ey

1. Introduction

Many experimental and theoretical e orts were undertaken o determine
the structure and the properties of polypeptide chains at iterfaces [1]. One
of them is the process of the threading of chain molecules tbhugh a pore.
This process is also an important problem in biological sysims: it takes
place in the translocation of proteins through an endoplasrnt reticulum or
into mitochondria as well as in the formation of signaling piotein in a cellular
membrane [2]. The problem of chain molecule threading throgh a mem-
brane is a complicated phenomenon. One has to remember thatapsing
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through a pore is governed by the presence of an entropic baer because of
the limited number of chain conformations inside and near tle pore. Polymer
translocation through a hole was recently the subject of nurarous theoreti-
cal studies [3 7] and computer simulations [8 11]. Most of hese works used
one-dimensional polymer di usion equations and were mainl focused on the
mechanism of translocation. Recently it was shown that simpped models
of polypeptide chains were useful to provide an insight intahe behavior of
real biomolecules. A simple lattice model of a polypeptide as introduced
by Kolinski and Madziar a few years ago [12]. In their work thein uence
of the sequence of amino acid residues in the chain on its secary struc-
tures, -helices and -strands, was studied. This model was extended
by Romiszowski and Sikorski by introducing a local preferece of helical
states which made the helical content at the correct level ath improved the
characteristics of the folding transition [13]. After combkining the classical
Metropolis-type simulation method with the Histogram Meth od the thermo-
dynamic properties of the system could be investigated [14]in this work we
employed the above mentioned model of polypeptide chains iorder to study
the threading of polypeptide chains through a hole in a impentrable sur-
face. The hole was in a form of a square having the edgg(in lattice units)
long. This system can be treated as a crude model of a chain tnalocating
through a pore or an idealized membrane.

2. Model and simulation algorithm

We assumed that our model chains were built of structural elments that
could be treated as an approximation of amino acid residued®, 13].

The chain was represented as follows: each amino acid reselwas repre-
sented by a single united atom located at the correct alpha agdon position.

Figure 1 shows a fragment of a polypeptide chain composed ohited
atoms while compared to the real full-atom structure. The Iccation of these
united atoms and their orientation in space were restrictedto vertices of
a quasi-crystalline lattice. This lattice approximation was used in order
to speed up the calculations. The lattice used was based on ¢hfollowing
vectors[ 3, 1, 1],[ 3, 1,0],[ 3,0,0,[ 2, 2, 1],[ 2, 2,0l
It was shown that the model chains were represented with the guracy of
0.6 0.7 A compared with real polypeptides. This best t for polypeptide
chains was found for the lattice unit equal to 1.22 A [12].

The model chain was put into a large Monte Carlo box with edge
L =200. Since the aim of this work was to study the process of the paage
of the chain through a hole, we made the walls of the box imperteable.
A square holed d was made in one wall (the planex = 0). Figure 2
presents the model chain on the [310] lattice near the impemeble wall on
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Fig.1. The idea of a simple representation of a polypeptide ltain. The spheres
located on alpha carbon atoms correspond to the repulsive ifternal) and soft
attracting (outer sphere) values of an interaction potential.

trans cis

Fig.2. An example of a model chain on [310] lattice. A fragmehof the impene-
trable wall dividing the Monte Carlo box with a hole is also shown.

both trans (x <0, i.e. out of the box) and cis (x >0, i.e. inside the box)
sides. The force eld used in our model was very simple. Eachgir of non-
bonded amino acid residues interacted with a contact potenal V; that has
the following form:

< "rgp for Fij <ra;
Vij =. "a for rj Fij ro; 1)
0 for i >r12;

where rjj is a distance betweeni™™ and j™ residues under consideration.
The repulsive part of the potential "rep = 5 was assumed and the radius
r1 = 32 (in lattice units). The cut-o radius of the attractive part of the
potential was chosenr, = 5 (in lattice units). The attractive part of the



1794 A. Sikorski, P. Romiszowski

potential is the only parameter that de ned this kind of residue as hydropho-
bic (denoted as H) and hydrophilic (denoted as P). The attradive part of
the potential "4 took the following values: "py = 2, "pp = 1, "pp =
for a pair hydrophobic residues, a pair of hydrophilic resides and a pair
of hydrophobic hydrophilic residues, respectively. Thischoice of the poten-
tial values was done following the concept presented by Shakovich and
Gutin [15], who stated that this approach, though not very realistic for pro-
teins, is much better than the pure hydrophobic potential and provides the
correct ground state of the system. It was previously shownhat the correct
content of helical structures in low-temperature polypeptde chains could
not be achieved without the preferentially of forming the hdices. Therefore,
we introduced a local helical potential. The right-handed -helical state
formed by three consecutive vectors could be identi ed froma value of the
following expression:

r 2 o =Ci 1+ i+ w)?sign(( i 1 1) ie1); ¥

where ; 1, i, i+1 were three consecutive vectors connecting ~ 1)", ith
and (i +1)™ residues. A right-handed -helical state corresponded to the
values ofr ,2 1i+2 located between 9 and 25 [12]. The appearance of a right-
handed helical state in the chain during the simulation proess was hence
associated with the energy loss equal to certaifijgc.

In order to calculate the properties of our model we used the nte Carlo
simulation method. The chain was placed in the box,.e. on the cis side.
The C-terminus (the rst bead) was located one lattice unit apart from the
hole in the impenetrable surface. The conformation of the chin was cho-
sen randomly and then it was locally modi ed using the usualy applied set
of micromodi cations: (a) one-residue motion, (b) two-resdue motion and
(c) two-residue end reorientations [14]. These micromodcations of con-
formation were selected randomly along the entire chain. A dving force
parallel to the x axis was applied to the model in order to emulate a static
electric eld. The value of this force was 0.2 what is negligile when com-
pared with the total energy of the chain. A new trial conformation that
appeared after a micromodi cation was accepted accordingd the Metropo-
lis criterion. A large number of the above mentioned local canges of the
chain's conformation were carried out. Whenever the chain idused apart
from the hole the simulation was suspended and the chain wadared back
in the vicinity of the hole. When the entire chain passed thraugh the hole
the entire simulation process was started from the beginnig. Simulation
runs were performed several times (usually 30) starting fnm quite di erent
initial conformations of chains. As we studied the dynamic poperties of
polypeptide chains the time unit had to be de ned. It was previously shown
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that the above set of the chain's micromodi cations producel the correct
dynamics when the time unit consisted of one attempt of eachikd of motion
per one amino acid [12].

3. Results and discussion

In the present work we studied a chain built ofN = 10 to 100 residues.
The polypeptide chains consisted of typical helical septst HHPPHPP
which can be found in real helical proteins. The helical potatial "|oc was
assumed to take values 0, 4 and 8. It was assumed that the temperature
on the cis side (inside the box) was high T = 4) while on the trans side (out
of the box) it was low (T =1). The di erences in the temperature are equiv-
alent to the di erences in the solvent quality on both sides d the surface,
as it takes place in the real membrane systems [2]. The detaill analysis
of static and dynamic properties as well as the thermodynana description
of chains have been resented in our previous works [12 14]. herefore, we
would like to focus our attention on the problem of the transbcation of a
chain and its structure.

At rst we studied the changes of the chain's size during the tanslocation
process. Therefore, we calculated the radius of gyration wth is a parameter
commonly used the size of macromolecules. In general, thedias of gyration
decreases along with the annealing of the chain [12]. In Figa 3 we present
the squared radius of gyrationS? as a function of time for parts of the

Fig.3. The changes of the squared radius of gyratior8? with time. S? was cal-
culated for the trans side of the surface. The chain consisted dl = 60 with the
local potential ",c shown in the legend.
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chain which were out of the box. These owcharts concerned ta chain with

N = 60 residues and the local potential',c =0; 4 and 8. The changes
of the radius of gyration of the part of the chain which was on he trans side
of the system depended on the values of the helical potentialThe stronger
potential caused the uctuations of the dimension of the chan to diminish

which resulted in the formation of stable helices.

Experiments showed that the characteristics of the helix-oil transition
can change when a protein chain is adsorbed or is positionecear a sur-
face [16]. This was also con rmed by theoretical consider&ns [17]. Some
additional insight into the behavior of the polypeptide chain during the
translocation process can be given by the changes of the contribution
(perpendicular to the surface of the hole) of the radius of gsation. In
gures 4 6 we present the plots of the x contribution to the squared radius
of gyration calculated per one residuumS2=N for dierent values of the
local helical potential "ioc =0; 4 and 8. The analysis of thex contribu-
tions of the radius of gyration gives us an information aboutthe extension
of the chain along the direction of the translocation on bothsides of the sur-
face. One can notice that in the absence of the helical poteiatl the values
of S2=N uctuated with the similar magnitude for cis and trans location.
The presence of the helical potential led to much more stabletructures
(the uctuations were less frequent and their amplitude diminished along
with the strength of "|oc). Figure 7 presents the changes of the position
of selected residues during the translocation process. Irraer to monitor

Fig.4. The changes of thex contribution of the reduced mean-squared radius of
gyration S2=N during the translocation for the local potential "¢ =0.
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the process we recorded the coordinates of the rst, medium and the last
residue of the chain. The impenetrable surface with the holéad a x coor-
dinate value 0, thus the points under thex axis corresponded to thetrans
positions of the residues. As can be seen for this particulatranslocation
process the medium part of the chain was captured in the holelts position
did not uctuate with the magnitude comparable to the termin al residues.
The terminal residues passed onto thdrans side signi cantly later after
the medium part of the chain. After the translocation was conpleted the
uctuations of the chain position became less intensive. Inmost cases we
observe the threading mechanism starting from one chain'srel. The pre-
sented mechanism of the translocation process was observeather seldom
(about 0.1 of all cases). We decided to present it due to its aipsity.

Fig.5. The changes of thex contribution of the reduced mean-squared radius of
gyration S2=N during the translocation for the local potential "ioc = 4.

One of the parameters describing the translocation processas the time
needed for the molecule to pass through the pore.e., the mean time (aver-
aged over a large number of experiments) counted from the moent of the
appearance of the molecule in the pore window and lasting tohie moment
in which the last residue passed that window. In these calcations all the
cases in which the molecule trying to escape from the systemdinot succeed
were not taken into account. Figure 8 presents the plot of theranslocation
times for the chains consisting of various numbers of residks and di erent
values of the local potential"|oc. In all cases the dimension of the pore was
the same @ = 15). The double-logarithmic plot shows a straight line with a
slope =2:18 0:06(for "oc = 4)and 2:21 0:02without the local helical
potential. The value of this scaling exponent was in good agement with
the theoretical ndings of Binder et al. [18] who found that N 28 The
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Fig.6. The changes of thex contribution of the reduced mean-squared radius of
gyration S2=N during the translocation for the local potential "i,c = 8.

Fig. 7. The position of selected residues during a typical tanslocation process.

introduction of the helical potential caused the changes othe translocation
times, as can be observed in gure 8. The increase in strengtof the helical
potential led to much longer times of passage through the pa. This can
be explained by the fact that the secondary (helical) structires formed on
a trans side of the box were stable and the di usion of the systm was very
slow [19]. Therefore the part of the chain which was still in he box could
not escape freely from it, waiting for room to move forward tothe trans side.
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Fig. 8. The mean time of chain's translocation as a function of the chain length
N. The case of the local potential"|,c=0 and 4 (see legend).

Fig. 9. The mean time of the chain's translocation as a function of the size of the
hole d. The case of chain consisted oN = 30 with the local potential "o,c = 4.

The in uence of the size of the pore on the translocation of altain was
also studied. Figure 9 presents the time of translocation asa function of
the size of the hole for a chain consisting oN = 30 residues. The size
of the hole d (i.e. the length of a square window) was changed between 6
and 20 lattice units. Since the shape of the window was squanee had to
take into account that its diagonal was 2'72d and, therefore, some larger
elements of the chain could pass through it. The smallest s&zof the hole
corresponded to the smallest possible slit in which the moweent of the
chain was still likely. The greatest size of the hole correspnded to a size
slightly greater than the size of a high temperature coiled plypeptide chain
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consisting of N = 30 residues (the diameter of the chain can be estimated
as 2hS2i 172 [19]). Initially the translocation time decreased linearly with the
increase in the pore size. The further decrease belod/ = 15 of the edge
of the hole did not signi cantly change the time of translocaion and all
that was observed was some uctuation. This e ect is as expded, since the
process of translocation through a window comparable in s&with the size
of the coil did not depend on the latter.

4. Conclusions

In this paper we presented the Monte Carlo simulations of sirple lattice
models of a polypeptide chains. The beads representing theofypeptide
residues interacted via the a binary contact potential. In ar model chains
only two kinds of aminoacid residues were distinguished: Hdrophobic and
hydrophilic. Some local sti ness of the chain was introducd in order to
enhance the formation of helical conformations. The chaing/ere put into the
Monte Carlo box with walls impenetrable to the polypeptide chains. A hole
was made in one wall and a weak force was applied, driving thegypeptide
chains to the other part of the box trough this hole. This modd can be
treated as a crude approximation of the process of translot@an of protein
chains through a membrane. It was shown that the translocatin time of
a polypeptide chain depended on the chain length, the valuefahe helical
potential and the size of the hole in the wall. The time of trarslocation
depended on the chain length roughly a?\ %2 which was very close to other
theoretical ndings N2%18. The scaling exponent was almost independent
of the strength of the helical potential. The size of the holechanged the
passage time where the length of the window was smaller tharhé mean
diameter of the molecule. As the size of the window increasetb a size
comparable with the size of the polypeptide chain, this e et on the passage
time vanished. The next step of the study should involve the ralti-hole wall
of the box lled with a multiple chain system, which mimics th e dynamics
of trans-membrane chains.
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